Background: In Korea, cancer is the third leading cause of death among adolescents and young adults (AYAs). However, cancer incidence and survival trends among AYAs (15-29 years) have never been studied in Korea. Therefore, this study aimed to investigate the incidence and relative survival rates and their trends among AYAs in Korea.
Introduction
Cancers in adolescents and young adults (AYAs; 15-29 years) have distinctive characteristics compared with cancers in children and older cohorts.
The incidence pattern of specific cancer types differ between AYAs and younger and older patients. In addition, the genetic and histologic patterns of cancers among AYAs differ from those of older patients [1] . Because cancer is uncommon among AYAs, this patient population has not drawn public attention compared with the pediatric and adult populations. However, an increase in cancer incidence among AYAs has been reported in Europe [2] [3] [4] and the United States [5] .
Over 200,000 new cancer patients are diagnosed annually in Korea [6] , and approximately 3,200 (1.6%) AYAs were diagnosed with cancer in Korea in 2010. According to the U.S. National Cancer Institute Surveillance Epidemiology and End Results (SEER), 2% of all invasive cancers are diagnosed in individuals aged 15-29 years [5] . Although only a small proportion of all malignancies are diagnosed in AYAs, high-grade and later-stage tumors of certain cancers are more likely to be diagnosed in this patient population [1] . Furthermore, cancer diagnosis in AYAs can greatly influence future quality of life and life expectancy [7] . In fact, in Korea, cancer is the leading cause of death among AYAs, after suicide and traffic accidents [8] . However, to the best of our knowledge, cancer incidence and survival among AYAs in Korea have never been studied. Therefore, this study aimed to investigate cancer incidence and survival among AYAs in Korea. We examined the trends in cancer incidence rates from 1999 to 2010 and the trends in relative survival rates from 1993 to 2010 among Korean AYAs.
Materials and Methods

Data Sources
In 1980, the Korean Ministry of Health and Welfare started the Korea Central Cancer Registry (KCCR), a nationwide,
Incidence
Age-specific incidence rates per million were analyzed in each diagnostic subgroup according to the age at diagnosis (15) (16) (17) (18) (19) years, 20-24 years, and 25-29 years), and age-standardized rates (ASRs) according to sex were calculated using the world standard population defined by the World Health Organization [15] . Trends in annual ASRs were calculated using the annual percent change (APC), which was estimated using the following formula: 1006(e b -1), where b is the slope calculated from a linear regression of log age-standardized incidence rates in a calendar year [16] . The male-to-female (M/F) ratio was the ratio of the ASR among males to the ASR among females. Comparisons of age-standardized incidence rates in males and females were calculated by the direct method [17] .
Survival
Relative survival rates were estimated according to the time period : 1993-1995, 1996-2000, 2001-2005 and 2006-2010. Relative survival rates according to the diagnostic group were calculated by dividing observed survival by expected survival among comparable groups in the general population [18] using the Ederer II method [19] . These survival rates were estimated using ''complete analysis'', which included ''right-censored'' patients. Due to this inclusion of the early survival experience of more recently recruited patients, the analysis provided more up-todate and precise survival rates in long-term survival [20] . Trends in 5-year relative survival rates were also calculated. Additionally, the effects of sex, diagnostic group, and time period on survival were assessed using a relative excess risk model. All analyses were performed using SAS version 9.2.
Results
Incidence
From 1999 to 2010, 39,639 cancer cases (2.3% of all cancer patients) were newly diagnosed in AYAs. Of these cases, 14,016 (35.4%) and 25,623 (64.6%) cases were diagnosed in males and females, respectively. According to the age at diagnosis, 6,396 (16.1%) cases were diagnosed at 15-19 years of age, 10,433 (26.3%) cases were diagnosed at 20-24 years, and 22,810 (26.3%) cases were diagnosed at 25-29 years.
The number of cases per age group (15) (16) (17) (18) (19) years, 20-24 years and 25-29 years) by sex, age-specific incidence rates, and agestandardized incidence rates among both males and females and M/F ratios according to the diagnostic group are shown in Table 1 .
Between 1999 and 2010, the overall age-standardized incidence rate of cancers among AYAs in Korea was 279.9 per million. Cancer incidence was higher in females (367.8 per million) than in males (196.4 per million), and for all cancers combined, the male/ female ratio was 0.5 (P,0.05). The higher rate among females was largely due to a much higher incidence rate of thyroid carcinomas (24.7 per million among males vs. 154.2 per million among females). Because the incidence rate of thyroid carcinoma was unusually high, the age-standardized incidence rates of all cancers combined were recalculated, excluding thyroid carcinoma (group 8.1). Removing thyroid carcinomas, the overall ASR of cancers was 192.2 per million (171.7 per million for males and 213.6 per million for females) ( Table 1) .
The incidence increased with age, from 150.9 in males and 160.4 in females per million at 15-19 years of age to 170.7 in males and 305.6 in females per million, respectively, at 20-24 years of age. The incidence further increased at 25-59 years of age, to 273.4 in males and 663.3 in females per million, respectively ( Table 1 ). The incidence rates were correlated with age group for most subtypes, with the notable exceptions of leukemia and osseous/chondromatous neoplasms, which were more common among younger AYAs (Table 1) . Table 2 shows the secular trends in cancer incidence among AYAs from 1999 to 2010 according to the diagnostic group. The incidence rate of all cancers among AYAs significantly increased, from 208.7 per million in 1999 to 396.4 per million in 2010 (APC = 6.3%; P,0.05). Over the studied time period, there was also a steady increase in the incidence of cancer among AYAs for both males (APC = 3.9%) and females (APC = 7.8%) (Figure 1 ).
Most cancer sites showed a trend of increasing incidence, with the exception of unspecified malignant neoplasms (group 10) among AYAs (APC = 210.9%). For miscellaneous specified neoplasms, NOS (group 9), a rapid increase in the incidence rate was observed for both sexes (APC = 9.8%), but the number of cases was small. For carcinomas (group 10), a large increase in the incidence rate was also observed among AYAs (APC = 9.4%). In particular, among carcinomas, the incidence of thyroid carcinoma showed the most rapid increase (APC = 17.9%; P,0.05). The annual percent change in all cancer combined, excluding thyroid carcinoma, was 1.8% (P,0.05) among AYAs (Table 2) , with 1.9% (P,0.05) for males and 1.8% (P,0.05) for females (data not shown). Although the incidence of kidney carcinoma also exhibited a notable increase (APC = 9.1%), the number of cases was small.
The incidence of lymphomas (group 2) exhibited a large increase among AYAs (APC = 5.3%, P,0.05). In particular, Hodgkin lymphoma rapidly increased in incidence (APC = 9.1%, P,0.05) ( Table 2) . Table 1 . Number of cases, age-specific incidence rates, and age-standardized incidence rates from 1999 to 2010 according to sex and age. Thyroid carcinoma was excluded from the calculation of the incidence rate of all cancers combined because of its unusually high incidence rate.
CR, crude incidence rate; CNS, central nervous system; PNET, primitive neuroectodermal tumor; NOS, not otherwise specified. doi:10.1371/journal.pone.0096088.t001 Table 2 . Trends in age-standardized incidence rates among Korean AYAs and estimated annual percent changes (APCs). 8. 
{
Thyroid carcinoma was excluded from the calculation of the incidence rate of all cancers combined because of its unusually high incidence rate. AYAs, adolescents and young adults (aged 15-29 years); CNS, central nervous system; PNET, primitive neuroectodermal tumor; NOS, not otherwise specified. doi:10.1371/journal.pone.0096088.t002
Cancer incidence trends within diagnostic groups were observed to differ by gender. Among males, the incidence of most cancer sites was increased. Miscellaneous specified neoplasms, NOS, showed the largest increase in incidence (APC = 12.9%, P,0.05), followed by germ cell and trophoblastic neoplasms (APC = 6.9%, P,0.05). Among females, the incidence of most cancer sites was also increased. Carcinomas (APC = 10.7%, P,0.05) and miscellaneous specified neoplasms, NOS (APC = 7.6%, P,0.05), showed the greatest increases. However, osseous/chondromatous neoplasms (APC = 20.5%) and germ cell and trophoblastic neoplasms (APC = 20.4%) slightly decreased in incidence (Figure 1 ). Additionally, a notable increase in the incidence of carcinomas among females was observed in the cervix (APC = 6.2%, P,0.05) and breast (APC = 3.5%, P,0.05) (data not shown).
Survival
A total of 52,077 cancer cases diagnosed from 1993 to 2010 were used for the survival analysis. Table 3 Table 3) .
Survival rates for thyroid carcinoma (group 8.1) and skin carcinoma (group 7.2) were very high across all time periods. The five-year relative survival rate for thyroid carcinoma among males increased slightly, from 95.3% in 1993-1995 to 99.7% in 2006-2010, whereas the rate was unchanged among females from 1993-1995 (99.9%) to 2006-2010 (100.0%). The survival rates for germ cell and trophoblastic neoplasms (group 6), skin carcinoma (group 7.2), and carcinoma of the genitourinary tract (group 8.5) consistently exceeded 80-90% in all time periods. Conversely, the lowest survival rates were observed for rhabdomyosarcoma (group 5.2); carcinoma of the trachea, bronchus, and lung (group 8.3); and carcinoma of liver and intrahepatic bile ducts (group 8.6.3) ( Table 3 ).
The survival rates for all cancers combined significantly increased from 1993 to 2010 in both males and females. In particular, the 5-year relative survival rate increased from 46.5% to 75.9% in males (P,0.05) and from 66.7% to 89.1% in females (P,0.05). However, the 5-year relative survival rate for all cancers combined was slightly lower in males than in females, regardless of whether thyroid carcinoma was excluded (Table 4) .
Leukemia (group 1) showed the greatest increase in survival in both males (32.5%) and females (33.7%). In particular, chronic myeloid leukemia had the largest and second-largest increases in survival in males (48.6%; from 40.5% to 89.1%) and females (50.5%; from 42.7% to 93.2%), respectively. Table 3 . Five-year RSRs for Korean AYAs according to the time period of cancer diagnosis. Thyroid carcinoma was excluded from the calculation of the incidence rate of all cancers combined because of its unusually high incidence rate.
N/S: not shown because ,20 cases were reported in each period.
AYAs, adolescents and young adults (aged 15-29 years); CNS, central nervous system; PNET, primitive neuroectodermal tumor; NOS, not otherwise specified. doi:10.1371/journal.pone.0096088.t003 Table 4 . Five-year RSRs for Korean AYAs according to the time period of cancer diagnosis and sex. 
Discussion
This is the first study to investigate cancer incidence, survival and their trends among AYAs using the population-based national cancer registry in Korea. The major findings of this study were that cancer in AYAs showed a trend of increasing incidence, with an increase of 6.3% per year (P,0.05), from 1999 to 2010 and that age-and gender-related cancer incidence patterns differed according to the primary site. Moreover, five-year relative survival rates for most cancers improved from 1993-1995 (58.9%) to 2006-2010 (84.8%) among AYAs.
When comparing our study with studies from other countries, cancer incidence rates among AYAs in our study were lower than incidence rates in the U.S. [5] , France [21] , Portugal [22] , and Netherlands [3] and among males in Canada [12] , even though the time period and age group differs. In other studies, cancer incidence in AYA males was generally similar to or higher than cancer incidence in AYA females. Conversely, we reported much lower incidence rates in males than in females. The reason for this difference in the incidence rate by gender was that thyroid carcinoma has the highest incidence and rapidly increased in incidence among AYA females in Korea.
Consistent with other studies, we found a rising incidence of cancer among AYAs during the study period.
The data on AYAs in Korea reported here exhibited several important differences from site-specific cancer incidence rates among AYAs in other regions of the world. Since the 2000s, an annual increase in incidence of 0.6-2.0% has been reported in several countries [16, [23] [24] [25] . However, our results showed an annual increase in incidence of 6.3%, which is a more rapid increase than observed in other studies. The increased cancer incidence rate may be partially explained by changes in cancer classification, as exemplified by changes in the classification of hematologic malignancies in a study by Park et al. [26] .
The increased incidence of carcinomas was primarily due to an increase in the incidence rates of thyroid carcinoma (APC = 17.9%). An increased incidence rate of thyroid carcinoma has also been noted among AYAs in Western countries [23, 27, 28] . However, the incidence of thyroid carcinoma among AYAs is more than three-to tenfold higher in Korea than in Canada [12] , England [23] , the United States [5] , the Netherlands [3] and Portugal [22] . The reasons for the high incidence of thyroid carcinoma in Korean AYAs compared with other nationalities are unknown. Although the rapid increase and high incidence rate of thyroid cancer among older individuals worldwide might be attributable to the development of improved technologies for early detection [29] , the exact cause of the increased incidence of most cancers in AYAs is unknown. Because of the difficulty in recommending thyroid cancer screening for AYAs solely based on incidence rates, further research to identify associated risk factors, such as family history, socioeconomic status, and environmental exposure, is needed.
In this study, a notable trend of increasing incidence was also observed for cervical carcinoma (APC = 6.2%) among female AYAs in Korea. Although the incidence of cervical carcinoma in Korean females of all ages is decreasing (APC = 24.3%) [6] , the incidence of cervical carcinoma has been increasing among Korean females under 30 years of age [30] . A steady increase in cervical carcinoma in young women (20-29 years) has also been observed in England [31] . The increased incidence of cervical carcinoma among AYAs has been attributed to increases in human papillomavirus (HPV) infection [32, 33] . More specifically, an increase in sexual behavior among younger age groups has led to an increased rate of HPV infection [34, 35] , and the prevalence rate of HPV has been reported to increase with decreasing age [32] . Therefore, since 2007, the Korean Society of Gynecologic Oncology and Colposcopy (KSGOC) has recommended the HPV vaccine for females aged 15-17 for the prevention of cervical carcinoma. In fact, certain recent studies have reported a decrease in the incidence of cervical carcinoma due to the use of the HPV vaccine at an earlier age [36, 37] . Therefore, the incidence of cervical carcinoma is expected to gradually decline among AYAs in Korea due to the HPV vaccine.
In terms of survival, our data are consistent with that reported for other geographic regions. Although the time period in our study differed, the overall cancer survival rate among AYAs in Korea was similar to the rate and significantly improvement reported in the U.S. and Germany. Improvements in relative survival rates among AYAs can be partially explained by advances in cancer detection, more intensive treatments, and increased expertise in adolescent oncology [38] . Additionally, access to effective protocols and the development of health infrastructures may have also contributed to improvements in survival rates [39] .
However several important differences should be highlighted in lymphoma and leukemia. In the present study, the most significant improvements in survival were observed in leukemia and lymphoma patients, but the survival rates for leukemia and lymphoma were noticeably lower than in the U.S. and Germany [40, 41] . This reason for this difference in the survival rate by ethnic was that the incidence cases of subgroup of leukemia and lymphoma was different between U.S. AYAs [41] and Korea AYAs. More, ethnic disparities in tumor biology and clinical factors may influence cancer treatment and survival [42] .
Compared with the survival of patients aged 1 to 10 years, overall survival and disease-specific survival are clinically significantly poorer among AYA patients with acute lymphoblastic leukemia [43] . The survival rates for leukemia among the Korean AYAs in our study have remained worse than among Korean children based on data from the KCCR [44] . Among AYAs, breast cancer accounts for approximately 7% and 4.9% of all cancers diagnosed in the United States [5] and Korea, respectively. In the United States, the 5-year survival rate for breast cancer is lower among AYAs (80.2%) than among patients in other age groups (30-39 years, 83.4%; 40-49 years, 88.9%), and particularly older patients [41] . Our study showed similar results. The relative survival rate for breast cancer among Korean females aged 15-29 years was 86.8% in 2006-2010, whereas the relative survival rate among Korean females aged $40 years was 91.0% based on a direct estimate from the KNCIDB.
One limitation of our study is that the follow-up period began relatively soon after the diagnosis of cancer, in contrast to the protocols in other studies [3] [4] [5] . Another limitation of this study is that we could not estimate the survival rates after adjusting for cancer stage and treatment because our registry database did not include information on cancer stage and treatment.
In conclusion, our study provides representative cancer statistics regarding temporal trends in the AYA population in Korea. In particular, the results showed an increasing trend in cancer incidence and an improving survival trend among AYAs in Korea. These results may support cancer control and prevention plans focusing on AYAs.
In the future, further research will help to identify factors affecting cancer incidence and responses to treatment among AYAs. In particular, research on the etiological factors related to the rapid increase in thyroid carcinoma in AYAs is needed.
